We previously showed that recombinant extra domain A from Wbronectin (EDA) puriWed from Escherichia coli was able to bind to toll-like receptor 4 (TLR4) and stimulate production of proinXammatory cytokines by dendritic cells. Because EDA could be used as an adjuvant for vaccine development, we aimed to express it from the tobacco plastome, a promising strategy in molecular farming. To optimize the amount of recombinant EDA (rEDA) in tobacco leaves, diVerent downstream sequences were evaluated as potential fusion tags. Plants generated by tobacco plastid transformation accumulated rEDA at levels up to 2% of the total cellular protein (equivalent to approximately 0.3 mg/g fresh weight) when translationally fused to the Wrst 15 amino acids of green Xuorescence protein (GFP). The recombinant adjuvant could be puriWed from tobacco leaves using a simple procedure, involving ammonium sulfate precipitation and anion exchange chromatography. PuriWed protein was able to induce production of tumour necrosis factor-(TNF-) either by bone marrow-derived dendritic cells or THP-1 monocytes. The rEDA produced in tobacco leaves was also able to induce upregulation of CD54 and CD86 maturation markers on dendritic cells, suggesting that the rEDA retains the proinXammatory properties of the EDA produced in E. coli and thus could be used as an adjuvant in vaccination against infectious agents and cancer. Taken together, these results demonstrate that chloroplasts are an attractive production vehicle for the expression of this protein vaccine adjuvant.
Introduction
Transgenic plants are good expression systems for largescale production of recombinant proteins at industrial levels. Plant systems have many advantages including the low cost of growing plants on a large scale, the availability of natural protein storage organs, and established practices for eYcient harvesting, transporting, storing, and processing (Giddings et al. 2000) . In the last few years, plants have been genetically engineered to express various recombinant biopharmaceuticals (Ma et al. 2005) . However, low production yield is often the most signiWcant limitation in using plants as biofactories (StreatWeld 2007 expression from the plastid genome often allows the very high accumulation of recombinant products, mainly due to high ploidy levels of up to 10,000 plastid genomes per cell (Maliga 2004) . Recently, the highest accumulation level ever obtained in a transgenic plant (>70% of the total soluble protein) was reported for tobacco chloroplasts by the expression of a phage-derived protein antibiotic (Oey et al. 2009 ). Besides high protein yield, plastid transformation oVers several advantages, including a much more stable and uniform expression among transgenic lines, the absence of epigenetic eVects, the feasibility to express multiple transgenes by linking them together in operons and increased transgene containment due to the maternal inheritance of the plastid genome (reviewed in Maliga 2004) . Based on these advantages, several vaccine antigens and biopharmaceuticals have been expressed in tobacco chloroplasts and their eYcacy evaluated (Bock 2007; Chebolu and Daniell 2009 ). For example, vaccine antigens have been expressed against numerous pathogens and shown to be immunogenic and oVer protection against the pathogen challenger (Koya et al. 2005; Molina et al. 2005; Arlen et al. 2008) . Similarly, several therapeutic human proteins including somatotropin (Staub et al. 2000) , interferon alpha (Arlen et al. 2007) , proinsulin (Ruhlman et al. 2007 ) and cardiotrophin-1 (Farran et al. 2008) , were expressed in chloroplasts and revealed to be properly folded and fully functional.
Vaccine development remains a high priority for the prevention of diseases for which no vaccine currently exists as well as for improving the eYciency and safety of existing vaccines. Antigen-presenting cells (APCs), especially dendritic cells (DCs), play an important role on the activation of both the innate and adaptive immune responses. Depending on their maturation status, DCs orchestrate a range of immune responses, from tolerance to self-antigens to resistance against infectious pathogens (reviewed in Reis e Sousa 2006). Thus, it is generally accepted that the eYcient activation of T cell immune responses is dependent on DC maturation triggered by a combination of stimuli derived from microbial products, endogenous danger signals, or signals delivered by antigen-activated T cells. For these reasons, several vaccination strategies incorporate adjuvant components able to trigger maturation of DCs, either by using ligands for pattern recognition receptors (Cuadros et al. 2004; Lasarte et al. 2007) , agonistic antibodies against co-stimulatory molecules (Ahonen et al. 2004) or cytokines (Ahlers et al. 2003) .
Some of the most potent DC maturation stimuli are ligands for Toll-like receptors (TLRs) (reviewed in Kaisho and Akira 2002) . At present, several ligands for diVerent TLRs have been identiWed. Most of these ligands are derived from pathogens, although the TLR family is also critical for recognition of certain endogenous molecules. For example, toll-like receptor 4 (TLR4), which is able to recognize lipopolysaccharides (LPS), can also be activated by the spliced exon encoding type III repeat extra domain A from Wbronectin (EDA) (Okamura et al. 2001; Lasarte et al. 2007) . It has been shown that puriWed EDA protein produced in E. coli is able to bind to TLR4-expressing cells, activate the TLR4 signaling pathway and stimulate the production of proinXammatory cytokines by DCs and their maturation in vitro and in vivo (Lasarte et al. 2007 ). Therefore, the EDA protein can be considered as a candidate for vaccine formulations. However, methods for the production of recombinant proteins in high amounts and free of potential contaminants (e.g. bacterial endotoxins) are crucial for vaccine development.
Plants are an attractive system for the production of injectable recombinant proteins, as they do not harbor viruses or prions that are pathogenic in humans. The production of the chicken interferon gamma (IFN-) oral vaccine adjuvant, in the endoplasmic reticulum of tobacco plants, has recently been presented (Wu et al. 2009 ). Despite its high biological activity, which is likely related to its degree of glycosylation, very low expression levels were achieved (up to 0.04% of total soluble protein). IFNhas already been produced from the plastid genome of tobacco plants (Leelavathi and Reddy 2003) , even if no immunomodulatory activity was reported. In this study, we explored the potential of the plant's plastid as a bioreactor to produce recombinant EDA (rEDA) as a vaccine adjuvant. A key factor for cost-eVective protein production in plastid-transformed plants (transplastomic plants) is the yield of the recombinant protein. Since protein expression in plastids is predominantly controlled at the post-transcriptional level, suitable 5Ј-untranslated regions (5Ј-UTRs) are important elements of plastid expression vectors (Farran et al. 2008) . Another important feature for high expression of foreign genes in plastids is the sequences immediately downstream of the start codon (Kuroda and Maliga 2001) . ModiWcations or extensions of the N terminus of the desired protein have often led to a remarkable increase in expression levels (Ye et al. 2001; Herz et al. 2005; Lenzi et al. 2008; Zhou et al. 2008; Scotti et al. 2009 ). Using the well-established tobacco chloroplasts transformation system, we sought to maximize the expression of rEDA by incorporating diVerent fusion tags. The chloroplastexpressed EDA, which retained its proinXammatory properties as an adjuvant, was readily puriWed from leaves using a simple procedure that did not employ an aYnity tag.
Materials and methods

Genetic engineering of the chloroplast expression vectors
The mouse Wbronectin EDA sequence was ampliWed by PCR from the pCR2.1-TOPO-EDA vector (Lasarte et al. 2007 ) using the upstream primers 5Ј-TCATGAACAT TGATCGCCCTAAAGG-3Ј (EDA) and 5Ј-CCATGGCTA GCATTTCCCCCGGGAACATTGATCGCCCTAAACC-3Ј (MEDA), which introduce the BspHI or NcoI site at the start codon, respectively, and the downstream primer 5Ј-G CGGCCGCTTACTCGAGTGCGGGCGC-3Ј, which introduces the NotI site. The upstream MEDA primer also encloses a synthetic N-terminal 15-nucleotide fusion tag (Herz et al. 2005 ) and the SmaI site fused translationally to the 5Ј-end of EDA. The BspHI-NotI EDA and NcoI-NotI MEDA fragments were fused to the promoter and 5Ј-UTR of the tobacco psbA gene in a pSK intermediate vector, resulting in plasmids pSK-EDA and pSK-MEDA. Finally, the fusions were digested by EcoRV and NotI and introduced into the tobacco chloroplast transformation vector pAF (Fernandez-San Millan et al. 2008) , to produce pAF-EDA and pAF-MEDA.
In addition, three diVerent protein-fusion tags were evaluated. The pSK-GFP:EDA plasmid, which contains the EDA sequence fused at its 5Ј-end to the Wrst 45 nucleotides of the soluble modiWed GFP sequence (GENBANK accession no. U_70495), was generated by PCR-based gene assembly using the overlapping primers 5Ј-TCATGAGTA AAGGAGAAGAACTTTTCACTGGAGTTG-3Ј and 5Ј-C CCGGGAAGAATTGGGACAACTCCAGTGAAAAGTT C-3Ј and cloned into the pSK-MEDA plasmid as a BspHISmaI fragment. Similarly, pSK-5D1:EDA and pSK-15D1:EDA carry the EDA sequence fused at its 5Ј-end to the Wrst 15 and 45 nucleotides, respectively, of the tobacco psbA gene which encodes for the D1 protein (GENBANK accession no. NC_001879), were generated by the overlapping primers 5Ј-TCATGACTGCAATTTTACCCGGG-3Ј and 5Ј-CCCGGGTAAAATTGCAGTCATGA-3Ј (5D1: EDA), and 5Ј-TCATGACTGCAATTTTAGAGAGACGCGAAA GCG-3Ј and 5Ј-CCCGGGACCCCATAGGCTTTCGCTT TCGCGTCTCTC-3Ј (15D1:EDA) and cloned into the pSK-MEDA plasmid as a BspHI-SmaI fragment. In all three plasmids, the chimeric genes were expressed from the promoter and 5ЈUTR of the tobacco psbA gene. The diVerent EDA expression cassettes were introduced into the pAF vector as described above, resulting in pAF-GFP:EDA, pAF-5D1:EDA and pAF-15D1:EDA. The Wnal chloroplast transformation vectors were sequenced and tested for functionality by western-blots of the soluble extracts of E. coli cultures.
Bombardment and regeneration of chloroplast transgenic plants
Gold microprojectiles coated with plasmid DNA (pAF-EDA, pAF-MEDA, pAF-GFP:EDA, pAF-5D1:EDA or pAF-15D1:EDA) were bombarded into in vitro-grown Nicotiana tabacum cv. Petite Havana SR1 (National Germplasm Resources Laboratory, Beltsville, MD, USA) leaves using the PDS1000/He (Bio Rad) biolistic device, as previously described (Daniell 1997) . After bombardment of the abaxial leaf side, they were incubated in the dark for 2 days at 28°C. Leaves were then cut into small pieces (»5 £ 5 mm) and placed adaxial side up on selection medium (RMOP) in Magenta vessels (Sigma, St. Louis, MO, USA) containing 500 mg/l spectinomycin dihydrochloride as the selecting agent. The regenerated spectinomycin-resistant shoots were subjected to a second round of selection under the same conditions. These regenerated plants were then transplanted and grown in a greenhouse for homoplasmy conWrmation and seed production.
Southern-blot and Northern-blot analysis Total plant DNA (10 g) was digested with BglII, separated on a 0.8% (w/v) agarose gel and transferred to a nylon membrane. The digestion by BglII and BamHI of the pFS vector generated a 0.8-kb probe (P1) homologous to the Xanking sequences. The pSK-MEDA vector digested with SmaI and NotI generated a 0.3-kb probe (P2) homologous to the EDA sequence. Probe labeling and hybridization were performed using the chemiluminiscent AlkPhos direct labeling and detection system (GE Healthcare, Buckinghamshire, UK). After homoplasmy conWrmation by Southern analysis, plants were transferred to soil. Seeds from the T 0 generation were germinated in vitro on spectinomycinselective medium. The T 1 seedlings were isolated and cultured for 4 weeks in Magenta vessels. Finally, plants were transferred to pots.
Total RNA was extracted (Ultraspec RNA, Biotecx Laboratories) from leaves of transformed and untransformed plants. RNA (10 g) was separated on 1.5% agarose/formaldehyde gels and then transferred to a nylon membrane. P2 was used as the EDA-speciWc probe. Labeling and hybridization was performed using the chemiluminiscent detection system mentioned above. Ethidium bromide-stained total leaf RNA was used to asses loading.
Western-blot analyses
Transformed and untransformed leaves of plants grown in a greenhouse were ground in liquid nitrogen. Leaves (100 mg) were homogenized in 200 l of Laemmli buVer (0.5 M Tris-HCl pH 6.5, 4% SDS, 20% glycerol and 10% -mercaptoethanol) and heated at 95°C for 5 min. The total cellular protein (TCP) was measured using the RC-DC protein assay (Bio-Rad, Hercules, CA, USA) with BSA as a standard, according to the manufacturer's instructions. Proteins were separated by SDS-PAGE on 15% polyacrylamide gels and transferred to a nitrocellulose membrane for immunoblotting. Anti EDA-polyclonal antibodies were produced in New Zealand white female rabbits by immunization with 50 g of EDA mixed with the T helper cell epitope FISEAIIHVLHSR and emulsiWed in complete Freund's adjuvant as described by Prieto et al. (1995) . Rabbit anti-EDA was used as the primary antibody at a 1:500 dilution and peroxidase-conjugated goat anti-rabbit immunoglobulin G (Sigma) was used as the secondary antibody at a 1:10,000 dilution. Detection was usually performed using the chemiluminescence ECL western blotting system (GE Healthcare). An enhanced chemiluminescence method (the ECL Advance western blotting detection kit, GE Healthcare) was used when the protein levels were very low. Amounts of rEDA in leaf extracts were determined by comparison with EDA puriWed from E. coli (3P Biopharmaceuticals, Noain, Spain).
Extraction and puriWcation of recombinant EDA Fully expanded leaves of pAF-MEDA transformed plants were ground in liquid nitrogen. The ground leaves (»3 g) were homogenized 1:5 (w/v) in protein extraction buVer [20 mM sodium phosphate pH 7.4, 500 mM NaCl, 0.1% (v/v) Triton X-100 and Complete Protease Inhibitor Cocktail (Roche Diagnostics, Mannheim, Germany)], and the homogenate was incubated on ice for 30 min. Cell debris were pelleted by centrifugation (20,000£g, 15 min, 4°C) and the supernatant was retained. Ammonium sulfate was added to the supernatant until the salt concentration reached 60% saturation. The mixture was incubated at room temperature for 30 min (Wrst 15 min with agitation) and then centrifuged at 20,000£g for 10 min. The supernatant was retained and mixed with ammonium sulfate until the salt concentration reached 80% saturation. The mixture was incubated and centrifuged as described above. The resulting pellet, resuspended in a 25 mM Tris-HCl pH 7.4 solution, was desalted and concentrated simultaneously by centrifugation (5,000£g, 1 h) in Centricon YM-10 (Millipore, Billerica, MA, USA) centrifugal Wlter devices (M.W. 10 kDa cut-oV). Up to 1 ml of resuspended, desalted and concentrated pellet was loaded onto a Q-Sepharose High Performance 16/100 column (GE Healthcare) equilibrated with a 25 mM Tris-HCl pH 7.4 buVer for anion exchange chromatography with an ÄKTA FPLC system (GE Healthcare). Elution of sample proteins was carried out with a linear gradient of NaCl (0-1 M) for a total of six column volumes at a Xow rate of 5 ml/min. Collected fractions were analyzed by western-blot. Fractions containing rEDA were desalted and concentrated by the addition of a 25 mM Tris-HCl pH 7.4 solution, and centrifugation (3,000£g, 40 min) in Centriprep ® YM-10 (Millipore) centrifugal Wlter devices (M.W. 10 kDa cut-oV). The protein content of samples was measured with a commercial Bradford assay (Bio-Rad). The purity of rEDA was checked by SDS-PAGE in 15% polyacrylamide gels and Coomassie Blue staining. Before electrophoresis, samples were mixed with loading buVer (0.5 M Tris-HCl pH 6.5, 4% SDS, 20% glycerol, 10% -mercaptoethanol and 0.1% bromophenol blue) in a 1:1 ratio (1:3 for pellets) and heated at 95°C for 5 min.
The above-described protocol was subsequently adapted to purify the rEDA from the pAF-GFP:EDA plants. Ammonium sulfate at 40% saturation was used in the Wrst step of puriWcation instead of 60%. The rest of the protocol was the same.
In vitro analysis of THP-1 monocyte cell line activation THP-1 cells (American Type Culture Collection ATCC, Manassas, VA, USA) were used for in vitro assays of monocyte activation by rEDA produced in pAF-MEDA and pAF-GFP:EDA plants. THP-1 cells were plated at 2 £ 10 5 cells/well in 96-well plates and cultured overnight at 37°C and 5% CO 2 in complete medium (CM) (RPMI 1640 supplemented with 10% fetal calf serum, 2 mM glutamine, 100 U/ml penicillin, 100 g/ml streptomycin and 50 M 2-mercaptoethanol) (Life Technologies, Cergy-Pontoise, France) for stabilization of the culture. DiVerent concentrations of the indicated antigens were added to the cultures and the culture supernatants were harvested after 15 h of incubation. The concentration of human tumour necrosis factor-(TNF-) released to the medium by the THP-1 cell line was quantiWed using a commercial ELISA assay (BD-Pharmingen, San Diego, CA, USA), according to the manufacturer's instructions.
In vitro analysis of bone marrow-derived dendritic cell activation Bone marrow-derived dendritic cells (BMDCs) were generated from mouse femur marrow cell cultures. After lysing erythrocytes with ACK lysis buVer, bone marrow cells were washed and subsequently depleted of lymphocytes and granulocytes by incubation with a mixture of antibodies against CD4 (GK1 clone, ATCC), CD8 (53.6.72 clone, ATCC), Ly-6G/Gr1 (BD-Pharmingen) and CD45R/B220 (BD-Pharmingen) followed by rabbit complement. The remaining cells were grown at 10 6 cells/ml in 12-well plates in CM supplemented with 20 ng/ml of mGM-CSF and 20 ng/ml of mIL-4 (both from Peprotech, London, UK). Every 2 days, two-thirds of the medium was replaced with fresh medium containing cytokines. Non-adherent dendritic cells were harvested at day 7 and cultured in the presence or absence of diVerent stimuli at 37°C and 5% CO 2 . After being cultured for 24 h, the supernatants were harvested and TNF-expression was measured by ELISA (BD-Pharmingen), according to the manufacturer's instructions.
Expression of DC maturation markers was measured by Xow cytometry. Cells were stained with the primary antibodies at 4°C for 15 min, washed and sorted on a FACSscan cytometer (BD Biosciences, San Diego, CA, USA) and analyzed using Cell Quest software (BD Biosciences). The antibodies anti-CD54 (3E2 clone) and anti-CD86 (GL1 clone), both from BD-Pharmingen, were used.
Results
Integration of EDA sequence into the tobacco plastid genome
To explore the potential of chloroplasts to produce rEDA, the spliced exon encoding type III repeat extra domain A from Wbronectin (Okamura et al. 2001; Lasarte et al. 2007 ) was expressed from the plastid constitutive promoter of the psbA gene fused to its 5Ј-UTR, with (MEDA) or without (EDA) an additional 15-nucleotides downstream sequence (DS) which would be expected to add 5 extra-amino acids (MASIS) to the N-terminal of the EDA protein. This sequence has previously been shown to improve protein accumulation (Herz et al. 2005) . The chimeric genes were cloned into the chloroplast transformation vector pAF (Fernandez-San Millan et al. 2008) for insertion between the trnI and trnA genes in the tobacco plastome (Fig. 1a) . This vector contains a chimeric aadA gene as the selectable marker, which provides spectinomycin resistance for selecting stable transformants.
The pAF-EDA and pAF-MEDA constructs were introduced into tobacco (cv. Petite Havana) plastids by biolistic transformation (Daniell 1997) . Stable integration of foreign genes into the chloroplast genome and homoplasmy of the transformed plants were conWrmed by Southern-blot analysis. After two rounds of selection, total leaf DNA from regenerated plants was digested with the BglII restriction enzyme, which cuts in two positions Xanking the insertion site and one position in the psbA promoter (Fig. 1a) . The 0.8-kb probe P1, which is homologous to the Xanking regions trnI and trnA (Fig. 1a) , was used. The analyzed transplastomic lines showed the expected hybridization pattern and revealed the absence of residual copies of the wild-type plastome (Fig. 1b) . When the blot was stripped and reprobed with the P2 EDA coding region probe (Fig. 1a) , hybridization was detected only in the transplastomic lines, as expected (Fig. 1c) . To ultimately conWrm homoplasmy, seeds from the T 0 generation were germinated in vitro on spectinomycin-selective medium. Lack of segregation for spectinomycin resistance in the T 1 generation demonstrated homoplasmy (data not shown).
Expression and stability of rEDA in tobacco chloroplasts
The T 1 generation pAF-EDA and pAF-MEDA plants were analyzed for levels of rEDA accumulation in leaves. Western-blots of protein extracts from fully expanded leaves of transplastomic plants showed the presence of rEDA only in the pAF-MEDA lines when detected through an anti-EDA polyclonal antibody (Fig. 2a) . Leaf extracts of pAF-EDA plants showed no detectable signal (Fig. 2a) , even when 50 g of total cellular protein extracted from young leaves was loaded per lane (data not shown). No immunoreactive polypeptide was present in the wild-type plant extract either, indicating that the signal detected by western-blot was speciWc for rEDA (Fig. 2a) . The expression levels of rEDA in leaves of transplastomic pAF-MEDA plants (MEDA) were determined by comparing the intensity of the immunoreacted bands corresponding to MEDA in the leaf extracts with that of EDA from E. coli. The concentration of MEDA protein was estimated to reach approximately 0.5% of the TCP (Fig. 2b) . Monomers of MEDA protein were slightly larger than those produced in E. coli due to the synthetic N-terminal fusion tag used in the pAF-MEDA construct (Fig. 2b) . The EDA-expressing transplastomic plants displayed a standard phenotype, indicating that the expression of this protein is phenotypically neutral, at least under standard growth conditions. To study diVerences in EDA expression, transcript abundance was examined using Northern-blot analysis of total RNA extracted from fully expanded leaves of pAF-EDA and pAF-MEDA lines. Abundant transcripts of the expected size were detected in both lines via hybridization with the P2 speciWc-EDA probe (Fig. 2c) . In all plants, at least three types of transcripts were observed: (1) a monocistronic transcript corresponding to the EDA sequence produced from the psbA promoter; (2) a dicistronic transcript including EDA and aadA sequences produced from the Prrn promoter; and (3) a larger transcript including sequences of EDA, aadA and 16S rRNA arising from readthrough transcription from the endogenous promoter of the rrn operon. Consistent with the diVerence in the coding sequence, transcripts detected in pAF-MEDA plants had slightly lower mobility.
As the chloroplast capacity for protein biosynthesis declines with leaf age, the age-dependent decrease in foreign protein accumulation provides a good indicator of an EDA-speciWc probe (P2). As load controls, EtBr-stained total leaf RNAs are reported in the lower panel. Mono-, di-and polycistronic transcripts detected by the coding region probe are marked as in Fig. 1a . d rEDA protein accumulation in a developmental series of six alternate leaf samples of a pAF-MEDA plant at the 12-leaf stage (20 g of total cellular protein each). Leaves are numbered successively from the top (youngest) to the bottom (oldest) of the plant. To assess loading, the Ponceau Red-stained nitrocellulose membrane is also shown. e Northern-blot analysis (as described in c) of a developmental series of leaf samples of a representative pAF-MEDA plant. Leaves were numbered from the top (youngest) to the bottom (oldest) protein stability (Oey et al. 2009 ). To examine the stability of MEDA in planta, protein extracts from the transplastomic pAF-MEDA plants were prepared from leaves harvested at diVerent positions along the plant. Western-blot analysis showed that MEDA accumulated in all of the analyzed leaves of pAF-MEDA plants (Fig. 2d) . The largest amounts of MEDA protein were detected in mature leaves (leaves 5-7; Fig. 2d) . A comparison of total RNA isolated from diVerent leaves of the same transplastomic pAF-MEDA plant by Northern-blot showed the presence of speciWc transcripts in all samples (Fig. 2e) , with recombinant mRNA levels even more abundant in older leaves. As a result, rEDA accumulation in tobacco pAF-MEDA plants seemed to be relatively stable along the plant, suggesting that these plants are a good source for protein puriWcation.
PuriWcation of rEDA by ammonium sulfate precipitation and anion exchange chromatography Partial elimination of contaminating proteins in the leaf extract was achieved by precipitation with ammonium sulfate [(NH 4 ) 2 SO 4 ]. A range of 40-80% (NH 4 ) 2 SO 4 saturation, using increment steps of 10%, was tested to determine the ammonium sulfate concentration at which the vast majority of MEDA remained soluble while a high proportion of other proteins precipitated. The resulting protein precipitates were analyzed by Coomassie Blue staining and western-blot (Fig. 3a) . Because MEDA started to precipitate at 70%, ammonium sulphate at 60% saturation was used in the Wrst step of the puriWcation process, and the plant proteins that precipitated at a lower (NH 4 ) 2 SO 4 concentration were discarded.
Further puriWcation of MEDA was performed by anion exchange chromatography (AEC). The MEDA protein present in the supernatant after the 60% (NH 4 ) 2 SO 4 precipitation step was totally precipitated by an 80% saturated (NH 4 ) 2 SO 4 solution and the dialyzed pellet was loaded onto a Q-Sepharose column. After eluting the sample with a 0-1 M NaCl gradient, western-blot analysis of the obtained fractions showed that MEDA eluted as a single peak (peak 3; Fig. 3b) , at a conductivity of t33 mS/cm. The identiWcation of AEC peak 3 as the MEDA protein was conWrmed by the absence of this peak in the AEC chromatogram of nontransformed Petite Havana control plants subjected to the same puriWcation procedure (data not shown). Analyses by Coomassie Blue staining (Fig. 3c ) and silver staining (data not shown) of the eluted peaks also showed that MEDAcontaining peak 3 was nearly free of plant contaminating proteins, as these had been almost totally eluted in peaks 1 and 2 (Fig. 3c) . The appearance of impurities on the FPLC traces (Fig. 3b, peak 4) but not in the SDS gel (Fig. 3c , lane P4) suggests that these contaminants may not be proteins but other species with an absorbance at 280 nm. Fig. 3 PuriWcation steps of rEDA. a Precipitated protein fractions from WT and pAF-MEDA leaf extracts at various ammonium sulfate concentrations. Top panels Coomassie Blue-stained gel of precipitated proteins at diVerent saturating (NH 4 ) 2 SO 4 concentrations (60, 70 and 80%). The pellet was resuspended with three volumes of Laemmli buVer and 10 l were loaded in each lane. Bottom panels western-blot analysis of the same precipitated ammonium sulfate steps using rabbit anti-EDA as the primary antibody. b Anion exchange chromatography proWle of the 60-80% (NH 4 ) 2 SO 4 protein fraction. Chromatograph of rEDA Wnal puriWcation step using a Q-Sepharose High Performance 16/100 column (GE Healthcare) and monitored at 280 nm (thin line). A step gradient of 0-1 M NaCl was applied (thick line) and the fractions were collected. Aliquots of alternate fractions were analyzed by SDS-PAGE and the proteins were detected by western blotting. c Coomassie Blue-stained gel of MEDA puriWcation steps. PuriWed MEDA is marked on the gel by an arrow. M molecular weight marker, LE leaf extract, P 80 60-80% (NH 4 ) 2 SO 4 protein fraction, FT Xow through, P1-4 peaks obtained during gradient elution, EDA* EDA from E. coli (3P Biopharmaceuticals)
The purity degree of MEDA in each puriWcation step was estimated by densitometry on the Coomassie Blue staining gel (Fig. 3c) . In the 60-80% ammonium sulfate protein fraction, the MEDA was approximately 44% pure, whereas the purity reached almost 90% in ACE peak 3.
Recombinant EDA protein produced in tobacco chloroplast induces maturation of bone marrow-derived dendritic cells in vitro
The recombinant Wbronectin extra domain A protein produced in E. coli is able to bind to TLR4 and activate the TLR4 signaling pathway and the production of proinXammatory cytokines IL-12 and TNF-alpha by DCs (Lasarte et al. 2007 ). Accordingly, we wanted to test whether the chloroplast-produced recombinant MEDA would eVectively induce activation of both the human monocyte cell line THP-1, which expresses TLR4 molecules (Zhang et al. 1999) , and BMDCs in vitro. For this purpose, THP-1 cells or BMDCs were cultured in the presence or absence of rEDA (1 M) obtained from pAF-MEDA plants, as well as EDA (1 M) produced in E. coli (3P Biopharmaceuticals), or LPS (0.1 g/ml) as a positive control. Both rEDA proteins were able to induce the production of the TNF-cytokine by the human monocyte cell line THP-1 (Fig. 4a) . Equivalent results were found when MEDA from three independent production batches was tested (data not shown). Similarly, incubation of BMDCs with 1 M of MEDA produced in plants, as well as that produced in E. coli, was able to stimulate the production of the TNFcytokine (Fig. 4b) . Moreover, incubation of BMDCs with 1 M of EDA protein obtained either from E. coli or pAF-MEDA plants increased the expression of surface molecules CD54 and CD86 (Fig. 4c) . These results indicate that recombinant MEDA protein retains the proinXammatory properties previously observed with E. coli-produced EDA.
Screening of diVerent DS as protein-fusion partners for high yield of rEDA in tobacco chloroplasts
After conWrming the proinXammatory properties of the chloroplast-produced EDA protein, we wanted to check the potential for increased rEDA expression in transplastomic tobacco plants. For this purpose, diVerent DS were compared for their improvement of rEDA accumulation in tobacco leaves. Chloroplast transformation was performed with pAF vectors carrying one of three diVerent 5Ј-tags fused to the EDA protein (Fig. 5a ) as a replacement of the additional 15-nucleotide DS employed in the pAF-MEDA construct. As described above, several transplastomic lines were generated from each new construct and puriWed to homoplasmy. Two representative homoplasmic lines per construct were selected and analyzed for rEDA yield expression by western-blot, and expression levels in fully expanded leaves were compared with those obtained in pAF-MEDA plants (Fig. 5b) . Clear diVerences among the transplastomic lines were observed by western-blot analysis. When the Wrst 5 or 15 amino acids of the photosystem II D1 protein were used as a fusion tag, the amount of recombinant protein measured in those leaves was notably low (Fig. 5b) . Thus, the D1 tags caused a drastic decrease of rEDA accumulation in transplastomic tobacco leaves. Moreover, the presence of several abundant shorter immunoreactive bands in the pAF-5D1:EDA and pAF-15D1:EDA plants (Fig. 5b) suggested a high turnover of the recombinant protein in these transplastomic plants. An immunoreactive shorter protein was also detected in protein extracts of pAF-GFP:EDA plants when high levels of recombinant protein were loaded per lane (Figs. 5b, c and 6a) . However, relative abundance was lower than for those detected in pAF-D1:EDA plants (Fig. 5b) . Interestingly, increased expression levels of rEDA were observed in pAF-GFP:EDA leaf extracts (Fig. 5b) . Serial dilutions of EDA from E. coli were used as standards to determine the GFP:EDA concentration by western-blot. The rEDA accumulation in leaves of pAF-GFP:EDA plants was estimated to represent up to 2% of the TCP (Fig. 5c) , equivalent to 0.3 mg/g fresh weight. This rEDA protein content represents a fourfold increase in the expression level of that produced in pAF-MEDA plants (Fig. 2b) . Northern-blot analysis was performed to determine if changes in EDA mRNA accumulation could account for the remarkable changes in plastid protein accumulation between the diVerent transplastomic lines (Fig. 5d) . In all samples, the P2 EDA probe detected speciWc mono-, di-and polycistronic transcripts to a similar degree, suggesting that the reduction observed in recombinant protein in pAF-D1:EDA plants is mainly due to decreased translation and/or increased protein processing and degradation.
To examine rEDA protein accumulation along the plant in pAF-GFP:EDA, pAF-5D1:EDA and pAF-15D1:EDA lines, we investigated its expression in leaves with diVerent development degrees from a mature transplastomic plant (12-leaf stage). Similar to pAF-MEDA, rEDA accumulates in all of the leaves from the pAF-GFP:EDA plants, with the largest protein amounts in mature leaves (Fig. 6a, upper  panel) . However, the amount of recombinant protein varied with leaf age in pAF-5D1:EDA and pAF-15D1:EDA plants. Protein accumulation was highest in young and fully expanded mature leaves, whereas a general reduction was observed in ageing leaves of both pAF-D1:EDA lines (Fig. 6a, middle and lower panel) . Recombinant protein was barely detectable in older leaves of pAF-15D1:EDA For each vector, the amino acid composition of the downstream sequences fused to the EDA coding N-terminal region is indicated. The two underlined amino acids are generated by the cloning SmaI sequence. The initiating amino acid in the "unmodiWed" EDA protein is indicated in bold. b Western-blot of proteins extracted from leaves of two independent lines from each construct (pAF-MEDA, pAF-GFP:EDA, pAF-5D1:EDA and pAF-15D1:EDA). Twenty microgram of total cellular protein were loaded per lane. To assess loading, the Ponceau Red-stained nitrocellulose membrane is also shown. WT wildtype Petite Havana plant. c QuantiWcation of rEDA in pAF-GFP:EDA plants was determined by analysis of a dilution series of EDA from E. coli (EDA*, 3P Biopharmaceuticals) and leaves extracts. The amount of total proteins loaded per lane is indicated. d Northern-blot analysis of total RNA isolated from transplastomic (pAF-MEDA, pAF-GFP:EDA, pAF-5D1:EDA and pAF-15D1:EDA lines) and control plants. Ten microgram RNA were electrophoresed in denaturing conditions, blotted onto a Nylon membrane and hybridized with an EDAspeciWc probe (P2). As load controls, EtBr-stained total leaf RNAs are reported in the lower panel. Mono-, di-and polycistronic transcripts detected by the coding region probe are marked as in Fig. 1a plants, even using an enhanced chemiluminescence method of protein detection (Fig. 6a, lower panel) . To determine whether these diVerences in rEDA protein levels were reXected by the RNA-level expression of the transgene, levels of EDA mRNA were examined by probing RNA blots with a speciWc-EDA probe (Fig. 6b) . As demonstrated by the pAF-MEDA plants, mRNA levels in all tested plants slightly increased as leaves aged. As a result, no correlation between transcript accumulation and protein expression level was observed in pAF-D1:EDA plants.
Our results reveal that the fusion protein containing 15 amino acids of GFP resulted in the best yield of rEDA in our studies and could be useful for scaling up protein production in plants by chloroplast transformation. Therefore, an adaptation of the puriWcation protocol described above has been performed to assess the usefulness of rEDA produced in pAF-GFP:EDA plants as adjuvant for vaccination. Considering the similar size and isoelectric point of MEDA and GFP:EDA recombinant proteins, the Wnal puriWcation protocol will not be far from that reported above. Thus, a two-step puriWcation procedure was suYcient to obtain almost pure GFP:EDA protein. An ammonium sulfate cut at 40% saturation was used in the Wrst step of the puriWcation process, followed by anion exchange chromatography. Three independent production batches of recombinant GFP:EDA protein were generated and were able to equivalently induce the production of the TNF-cytokine by the human monocyte cell line THP-1 (Fig. 7) .
Discussion
The development of methods for the production of recombinant proteins in high amounts, free of potential contaminants (i.e., bacterial endotoxins) is of paramount importance for vaccine development. Plants represent an economic and scalable system that could provide modern medicines to developing countries and contribute to biopharmaceutical production in the future. In particular, transgenic chloroplasts oVer high levels of foreign protein expression, mainly due to their high transgene polyploidy. Several therapeutic proteins and vaccine antigens have been expressed at high levels via the chloroplast genome and the functionality of chloroplast-derived vaccine antigens EDA and pAF-15D1:EDA blots was performed using an enhanced chemiluminescence method (ECL Advance western blotting detection kit, GE Healthcare). To assess loading, the Ponceau Red-stained nitrocellulose membrane is also shown. b Total RNA (10 g per lane) was electrophoresed in denaturing conditions, blotted onto a Nylon membrane and hybridized with an EDA-speciWc probe (P2). As load controls, EtBr-stained total leaf RNAs are reported in the lower panel. Monodi-and polycistronic transcripts detected by the coding region probe are marked as in Fig. 1a We recently demonstrated that the mouse extra domain A from Wbronectin might serve as a suitable adjuvant for the development of anti-viral or anti-tumoral vaccines (Lasarte et al. 2007 ). Here, we report the production of a vaccine adjuvant in tobacco chloroplasts by expressing this protein under the psbA promoter. First, we generated two diVerent transplastomic lines where rEDA was expressed with or without an additional 15-nucleotides DS, which would be expected to add 5 extra-amino acids (MASIS) to the N terminus of the EDA protein. The Northern-blot analysis of transplastomic plants showed that EDA transcripts were correctly transcribed in both transplastomic lines. Nevertheless, recombinant protein accumulation could only be detected in pAF-MEDA plants (up to 0.5% of the TCP), indicating that fusion with the MASIS sequence could partially enhance translation and/or protein stability. The Wrst codons immediately downstream from the AUG have already been identiWed as an important regulator of translation eYciency in chloroplasts (Kuroda and Maliga 2001) . SpeciWcally, the MASIS sequence has been shown to signiWcantly enhance the accumulation of -glucuronidase (Herz et al. 2005) and HIV-1 p24 antigen in transplastomic tobacco plants. But diVerential EDA levels could also be explained by diVerential rates of protein turnover. In this sense, it should be noted that the chimeric EDA gene in pAF-EDA plants codes for Met-Asn-Ile at the N terminus, whereas in pAF-MEDA plants, it codes for Met-Ala-Ser. The putative destabilizing eVect of Met-Asn at the N terminus of VP6 (Birch-Machin et al. 2004 ) and p24 (McCabe et al. 2008) proteins expressed in tobacco chloroplasts has already been described.
Protein turnover during plant development obviously plays an important role in the Wnal accumulation of recombinant proteins. Our data reveal that the accumulation of the rEDA protein in greenhouse-grown transplastomic pAF-MEDA plants is retained in older leaves. The Northern-blot analysis showed a higher accumulation of the recombinant mRNAs in older leaves. By contrast, a decrease of the recombinant mRNA abundance in ageing leaves of transplastomic plants expressing cel6A (Gray et al. 2009 ) and Pr55gag (Scotti et al. 2009 ) has been reported. Therefore, the enlarged mRNA levels detected in older leaves of pAF-MEDA plants may be due to an increased transcription rate and/or increased mRNA stability, although stability appears to be the major determinant in our case. In plastids, sequence elements responsible for the regulation of transcript turnover are generally located within the 5Ј-and 3Ј-untranslated regions (Eibl et al. 1999 ).
In our constructs, the chimeric genes contain the 5Ј-and 3Ј-UTR of the psbA gene. A recent study showed that psbA transcripts accumulated at the highest levels in older leaves of Arabidopsis plants when transcription rates were lowest, consistent with this mRNA's having high stability (Zoschke et al. 2007) .
Our results appear to demonstrate an improvement of rEDA accumulation in tobacco pAF-MEDA plants mediated by the MASIS sequence, although it was not enough to yield high levels of protein accumulation. To overcome this problem, diVerent DS as protein-fusion partners were examined to improve rEDA accumulation in tobacco leaves. The 15-amino acid N-terminal GFP fusion was selected as it was previously shown to increase EPSPS protein accumulation in tobacco chloroplasts (Ye et al. 2001) . Our results shown that the pAF-GFP:EDA plants accumulated rEDA up to 2% of the TCP, which represents a fourfold increase of the expression level achieved in pAF-MEDA plants. The equivalent molar quantity (given that the molecular weight of the rEDA = 12.8 kDa) is »8% of the TCP for a 50 kDa protein, in agreement with the yields reported for the EPSPS protein (47 kDa) when fused to the GFP tag (Ye et al. 2001) . Previously, fusion with translation control regions of the plastidial RbcL protein, including both the 5Ј-UTR and the Wrst 14 amino acids, had increased recombinant protein accumulation in transplastomic tobacco plants (Kuroda and Maliga 2001; Lenzi et al. 2008; Scotti et al. 2009 ). Because the 5Ј-UTR of the plastidial psbA gene was used in our constructs, two other DSs based on the Wrst 5 or 15 N-terminal amino acids of the photosystem II D1 protein, which is encoded by the psbA gene, were also evaluated. Moreover, the psbA coding sequence showed evidence of codon bias favoring a maximum translation rate (Morton 1998 ), so we expected that incorporation of the psbA DS would further enhance rEDA levels. However, we found that plants transformed with these fusion constructs (pAF-5D1:EDA and pAF-15D1:EDA) contained rEDA levels signiWcantly lower than those from plants expressing rEDA from the pAF-MEDA and pAF-GFP:EDA constructs.
Variability in rEDA protein accumulation in these transplastomic plants neither seem to depend on diVerences at the mRNA level because in Northern-blot analyses, transcripts of the expected size were detected in similar amounts with all vectors. Thus, the N-terminal fusions of EDA protein might aVect both the translatability of the mRNA and protein stability. The mechanism of translation enhancement by the DS region remains to be determined, but several DS fusions have been used to increase foreign protein accumulation in tobacco chloroplasts (Ye et al. 2001; Lenzi et al. 2008; Zhou et al. 2008; Scotti et al. 2009 ). The presence of the 15 amino acids from GFP in pAF-GFP:EDA plants, which could act either by promoting the translation eYciency of transcripts as previously described (Ye et al. 2001) or by increasing the stability of the recombinant protein as recently reported (Molina and Veramendi 2009) , might be responsible for the enhanced production of rEDA in the leaves of the transformed plants. However, the increase of rEDA protein accumulation in chloroplasts was greatly lower when DS fusions from D1 protein were used. Recently, a 200-fold increase in E1 catalytic domain expression was reported in transplastomic tobacco plants incorporating the 10 N-terminal amino acids of the D1 protein (ZiegelhoVer et al. 2009 ), whose increase was attributed to an enhancement in the translation eYciency. Therefore, the low level of rEDA protein detected in pAF-5D1:EDA and pAF-15D1:EDA lines could be gene-speciWc so that the fusion might create an mRNA structure that interfered with the translation (Kuroda and Maliga 2001) . However, the lower accumulation of D1:EDA proteins could also be the result of a decrease in protein stability according to the presence of abundant proteolytic degradation products in western-blots. Thus, the N-terminal D1 tag, with either 5 or 15 amino acids, might in part be responsible for the degradation of the fusion protein. The short half-life of the photosystem II D1 protein (Whitney and Andrews 2001) and the rapid turnover and degradation products detected after the Wrst minutes of synthesis (Kim and Mullet 1994 ) support this hypothesis. Similar divergent eVects on protein yield have also been reported with other fusion tags. For example, very low levels of cellulose Cel6A protein accumulation in transplastomic tobacco plants with the GFP tag were recently described (Gray et al. 2009 ), which are in contrast with the results for EPSPS (Ye et al. 2001 ) and EDA (this work). Consequently, in order to enhance protein yields, it is advisable to employ the right fusion partner before proceeding with expression of a transgene in the chloroplast, even though the selection process currently remains highly empirical.
DiVerent patterns of recombinant protein accumulation were detected when expression levels in alternated leaves of these generated transplastomic plants were analysed. As with pAF-MEDA, rEDA accumulates in all of the leaves from the pAF-GFP:EDA plants. However, the amount of D1:EDA proteins declined as the leaves aged, although recombinant transcripts were still present, suggesting that these proteins were more susceptible to proteolytic degradation in chloroplasts than MEDA and GFP:EDA. In fact, a diVerential stability between the expected size protein and a "shorter than normal" polypeptide could be observed in the oldest leaves of the pAF-15D1:EDA plants, supporting this idea. Similarly, an age-dependent decline in the accumulation of recombinant proteins in tobacco chloroplasts has previously been reported (Birch-Machin et al. 2004; McCabe et al. 2008; Zhou et al. 2008) , mainly attributed to increased recombinant protein turnover. Taken together, our results suggest that the additional amino acid sequences encoded by pAF-MEDA and pAF-GFP:EDA not only increase overall protein accumulation but also appear to protect the rEDA proteins from degradation in the older leaves of mature plants. The stability of recombinant proteins throughout the plant is very important for its total yield in transplastomic plants.
The acidic nature (pI 5.2) of human EDA (Miyamoto et al. 2003 ) allowed for rEDA puriWcation by anion exchange chromatography, similar to other acidic proteins, such as HIV-1 p24 antigen (McCabe et al. 2008) , human prothymosin alpha (Yi et al. 2008 ) and plant lectin (Yan et al. 2005) . Moreover, the high stability of the MEDA protein at high ammonium sulfate concentrations allowed for its enrichment before AEC. As such, a two-step puriWcation procedure was suYcient to obtain pure MEDA. The Wrst step of precipitation with 60% saturated (NH 4 ) 2 SO 4 removed 43% of plant contaminating proteins, whereas the second step of AEC eliminated 79% of the remaining protein contaminants. In particular, the second step of AEC resulted in a single peak for MEDA protein with a nearly homogeneous purity, as shown by Coomassie Blue staining. The yield obtained with this protocol was approximately 60-70 mg of »90% pure rEDA per kg of tobacco leaves, with an estimated recovery of 54%. This protocol is ideal, as puriWcation using aYnity tags requires expensive resins that cannot be employed on a large scale. Furthermore, the therapeutic use of plant protein extracts is safer than from bacterial lysates and avoids expensive puriWcation steps to eliminate bacterial endotoxins. Because the rEDA yield could be improved by four times when using pAF-GFP:EDA plants, an adaptation of this puriWcation protocol to the GFP:EDA protein has been performed so that the ammonium sulfate cut was made at 40% saturation instead of 60%. Hence, we should be able to generate 240-280 mg of pure GFP:EDA from 1 kg of tobacco leaves at maturity in the greenhouse. Based on the observed expression levels and considering a potential yield of 50,000 kg/ ha of leaves for a commercial tobacco cultivar, it should be possible to obtain yields up to 12-14 kg of pure rEDA in 1 ha of tobacco plants. This yield would be from a single harvest of biomass; however, a single hectare of tobacco biomass can be harvested four to six times within a growing season, depending on the latitude.
PuriWed rEDA from pAF-MEDA plants was shown to be active in diVerent in vitro assays; it was able to induce production of proinXammatory cytokines by human THP-1 monocytes and bone marrow-derived dendritic cells. The proinXammatory capacity of MEDA obtained from tobacco chloroplasts was slightly lower than the E. coli-produced protein, but very similar to the proinXammatory capacity of LPS, a potent immunomodulator and inducer of inXammatory cytokines. Interestingly, MEDA was also able to induce upregulation of DC maturation markers similar to that by EDA from E. coli or LPS. Likewise, puriWed GFP:EDA also stimulated the production of TNF-cytokine by human THP-1 monocytes, demonstrating that the retained extra-amino acids at the N terminus of both MEDA and GFP:EDA proteins do not alter the immunological properties of the EDA protein. These results may have important applications in vaccine development since it has been shown that when DCs fail to mature after taking up the antigen, tolerance rather than immunity may be induced (Steinman et al. 2003) .
Considering the potential advantages of plastid expression for biopharming (Bock 2007; Chebolu and Daniell 2009 ), our results demonstrate the feasibility of using chloroplasts as an ideal expression platform for vaccine adjuvant proteins. In conclusion, we have successfully expressed rEDA protein in tobacco plants at high levels for commercial purposes. We also present an eYcient puriWcation protocol using a simple two-step procedure and demonstrate that the resultant pure rEDA retains its proinXammatory properties. Moreover, for oral vaccines, the recombinant adjuvant (EDA) could be co-expressed with the antigen in a transplastomic edible plant avoiding costly puriWcation steps for vaccine formulation.
